Background: Methamphetamine (MA) abuse causes immune dysfunction and neuropsychiatric impairment. The mechanisms underlying these deficits remain unidentified. Methods: The effects of MA on anxiety-like behavior and immune function were investigated in mice selectively bred to voluntarily consume high amounts of MA [i.e., MA high drinking (MAHDR) mice]. MA (or saline) was administered to mice using a chronic (14-day), binge-like model. Performance in the elevated zero maze (EZM) was determined 5 days after the last MA dose to examine anxiety-like behavior. Cytokine and chemokine expressions were measured in the hippocampus using quantitative polymerase chain reaction (qPCR). Human studies were also conducted to evaluate symptoms of anxiety using the General Anxiety Disorder-7 Scale in adults with and without a history of MA dependence. Plasma samples collected from human research participants were used for confirmatory analysis of murine qPCR results using an enzyme-linked immunosorbent assay. Results:
Introduction
Methamphetamine (MA) addiction is a debilitating disorder that causes neuropsychiatric and physiological impairments that make treatment and recovery efforts challenging. The neuropsychiatric impairments consequent to chronic MA abuse [1] are associated with worse treatment retention, outcomes, and heightened relapse rates [2] [3] [4] . In particular, MA abuse causes disruption of normal immune function both in the periphery and in the brain. MA abuse is associated with increased levels of eotaxin-1 (CCL11), matrix metalloproteinase-3, and reductions in C-reactive protein in the plasma of active or recently abstinent MA users [1] . Several mechanisms are hypothesized to contribute to the detrimental effects of MA on brain function, including compromise of the blood-brain barrier, hyperthermia, reactive oxygen species generation, production of inflammatory mediators by glia, inhibition of neurogenesis, and impaired bioenergetics [reviewed in 5, 6] . How these alterations in the brain contribute to abuse potential and whether these changes differ due to genetic influences is unknown.
Production of inflammatory mediators is strongly associated with neuropsychiatric impairment, especially sickness-like behavior [reviewed in 7] . Potentially due to neuroimmune dysfunction, adults with current or recent histories of MA dependence exhibit increased anxiety, depression, and deficits in attention, memory, and executive function relative to controls, though there is significant individual variability [1, 8] . Understanding this variability in humans is difficult, however, due to the frequent presence of comorbid disorders and polydrug use [8] , as well as other challenges associated with human research. This study made use of the selectively bred MA high drinking (MAHDR) mouse line to expand on their utility as a model for the genetic risk for high MA intake [reviewed in 9] by examining the susceptibility to MA-induced psychological sequelae (e.g., mood impairment). MAHDR mice voluntarily consume MA in a 2-bottle choice procedure and operantly self-administer MA orally and intracerebroventricularly to a larger extent than MA low drinking (MALDR) mice [10] . Furthermore, the MAHDR line consumes binge-like levels of MA under conditions of high MA availability [11] , making them a good model for human MA addiction.
Anxiety-like behavior and expression of immune mediators in the brain were examined following binge-like MA exposure or saline in MAHDR mice. Cytokine and chemokine expression were measured in the hippocampus, because this brain region is closely linked with several of the neuropsychiatric phenotypes observed in MA abuse, including anxiety, depression and memory [12] , and because the hippocampus is a target of MA effects [13] . Expression of tumor necrosis factor-α (tnf) and interleukin-4 (il4) were used as markers of pro-and antiinflammatory signaling, respectively. Dysregulation of tnf and il4 has also been associated with depression [14] . Expression of the chemokines regulated on activation, normal T cell expressed and secreted (RANTES; ccl5) and chemokine (C-C motif) ligand 3 (ccl3) were examined because they regulate astrocyte, microglial, and neuronal function and are also involved in neurogenesis [15] . Neurogenesis is critical for learning and memory [16] and is also closely associated with anxiety [17] .
Studies with human subjects paralleled animal studies and examined anxiety and plasma cytokine and chemokine expression in adults with and without a history of MA dependence. Our results suggest that MAHDR mice and humans exhibit parallel behavioral responses following MA exposure and identify novel MA-induced immune disruptions that may increase vulnerability to viral infections such as human immunodeficiency virus (HIV).
Materials and Methods

Animals and MA Exposure
Male MAHDR mice aged 8-10 weeks were used in these studies to parallel the high proportion of males observed in our human MA remission group. Mice were generated by the Methamphetamine Abuse Research Center Animal Core within the VA Portland Health Care System Veterinary Medical Unit. Experimental procedures were consistent with guidelines from the National Institutes of Health and approved by the VA Institutional Animal Care and Use Committee. The selectively bred MAHDR mouse line was derived from the F2 generation cross of the C57BL/6J and DBA/2J inbred mouse strains. The selection has been repeated 4 times with highly replicable results, and selection procedures and results for the first 2 sets of lines have been fully described in previous publications [18, 19] . The mice used in the current study were from replicates 2-4 from selection generations S4 and S5. They were group-housed (2-4 per cage) with littermates after weaning at 21 ± 1 days of age, and had ad libitum access to tap water and rodent block chow (Purina 5001 TM , 4.5% fat content; Animal Specialties Inc., Hubbard, OR, USA), except during testing. Treatment group mice were exposed to MA using a previously described chronic, binge-like MA treatment schedule [20] , with all mice in a given cage receiving the same treatment (either MA or saline). This prevented the interaction of MA-intoxicated animals with nonintoxicated animals. Briefly, mice were injected (subcutaneously) 4 times per day with 10 mg/kg (+)MA hydrochloride (Sigma-Aldrich, St. Louis, MO, USA), and control (CTL) animals received saline (0.9% NaCl; Baxter Healthcare Corporation, Deerfield, IL, USA) injections at the same times. Each injection on a given day was separated by 2 h, and the animals were returned to their home cages during the intervening times. Injections were administered every other day until the mice had received 7 total sets of daily injections (i.e., "binges" for the MA group) over a 14-day period.
Elevated Zero Maze
Anxiety-like behavior was examined in MAHDR mice during early recovery following the cessation of MA (or vehicle) exposure. Animals underwent behavioral assessments 5 days after the final dose of MA or saline. All testing was performed during the light phase of the 12-h/12-h light/dark cycle. Behavior in the elevated zero maze (EZM) was recorded and measured using the EthoVi- sion XT 10 video-tracking system (Noldus Information Technology Inc., Leesburg, VA, USA).
The EZM procedure for assessing anxiety-like behavior was based on previous studies [21] [22] [23] . The apparatus was positioned 51 cm off the ground and was a circular walkway (about 46 cm wide) divided into 4 sections. Two sections were enclosed by 11-cm-high transparent walls, whereas the other 2 were largely open areas that had 2-mm tall lips to reduce the chance of falling from the walkway. During testing, the EZM was placed into a rubber pine chip bedding-lined bin so that if a mouse fell, it was contained and landed on a soft surface. Mice were individually placed on the walkway at the intersection of an open and closed section and allowed to freely explore the apparatus for 5 min. The apparatus was cleaned with 70% ethanol and thoroughly dried before each trial. The time spent in open and closed areas, average velocity, and the number of transitions from open to closed sections were determined. Lighting conditions in the room averaged 260 lx.
mRNA Extraction, cDNA Synthesis, and Real-Time Polymerase Chain Reaction A subset of the mice used in the EZM study, as well as a subset of identically dosed mice used in a study of novel object recognition were euthanized 5 days (mice tested using the novel object recognition test) or 6 days (mice tested using the EZM) after the last MA exposure via CO 2 asphyxiation. Brains were rapidly removed, and hippocampi were microdissected and frozen at -80 ° C until used. The hippocampus was chosen because of its demonstrated roles in affective behavior [24] and memory [25] . Brain tissue was homogenized in TRIzol and then pelleted. Supernatants were transferred to new 1.5-mL Eppendorf tubes, mixed with phenol chloroform and then separated into phases via centrifugation. The clear RNA phase was collected, precipitated in isopropanol (100%, Thermo Fisher Scientific, Waltham, MA, USA), and pelleted. The RNA pellet was then washed with 75% ethanol, pelleted, allowed to air dry, and then resuspended in 50 µL of DEPC water (Thermo Fisher Scientific, Waltham, MA, USA) and quantified. cDNA libraries were generated using the Superscript VILO cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) as per manufacturer directions. RNA (1 µg) was added to the VILO reaction mix and SuperScript Enzyme mix with water to a total volume of 20 µL. The cDNA was generated by running the samples at 25 ° C for 10 min, 42 ° C for 60 min, and 85 ° C for 5 min after which samples were stored at -20 ° C until used. Targeted gene expression for il4 (forward: acaggagaagggacgccat, reverse: gaagccctacagacgagctca), tnf (forward: catcttctcaaaattcgagtgacaa, reverse: tgggagtagacaaggtacaaccc), ccl3 (forward: atgaaggtctccacc, reverse: ggcattcagttccag), ccl5 (forward: cagcagcaagtgctccaatctt, reverse: ttcttgaacccacttcttctctgg) and gapdh (forward: ggcatggactgtggt, reverse: ttcaccaccatggag) was measured using the Platinum SYBR Green quantitative polymerase chain reaction SuperMix-UDG (Thermo Fisher Scientific, Waltham, MA, USA). The cDNA was combined with SYBR green, ROX reference dye, primers, and DEPC water, with a holding cycle of 50 ° C for 2 min, 95 ° C for 2 min, and 40 cycles of 95 ° C for 15 s, 60 ° C for 30 s, and a standard melt curve. Values were normalized to GAPDH expression and ROX passive reference dye, and the data are shown as n-fold change from the MAHDR CTL mice. Previous studies suggest that GAPDH is not regulated by MA treatment 24 h following exposure, though evidence of regulation was observed 6 h after MA treatment [26] .
Human Research Participants
Participants were recruited from Portland, OR, area addiction treatment centers and the community through word of mouth and via study advertisements posted in clinics, websites, and newspapers. Subjects were enrolled into 1 of 3 groups: (1) CTL group (n = 46): adults with no lifetime history of dependence on any substance other than nicotine or caffeine; (2) MA-active (MA-ACT) group (n = 35): adults actively using MA and currently meeting criteria for MA dependence; (3) MA remission (MA-REM) group (n = 49): adults in early remission from MA dependence ≥1 month and ≤12 months. General exclusion criteria were history of a major medical illness or current use of medications that are likely to be associated with serious neurological or immune dysfunction [e.g., stroke, traumatic brain injury, HIV infection, hepatitis C virus infection, primary psychotic disorder, immunosuppressants, antivirals, or anti-tumor necrosis factor (TNF)-α agents]. Additional exclusion criteria for the CTL group were: (1) meets criteria for lifetime history of dependence on any substance (other than nicotine or caffeine dependence) based on the Diagnostic and Statistical Manual of Mental Disorders -Fourth Edition (DSM-IV) [27] with confirmation by the Mini International Neuropsychiatric Interview questionnaire (MINI) [28] , (2) heavy alcohol use as defined by the National Institute on Alcohol Abuse and Alcoholism (women: average alcohol use ≥7 standard drinks weekly for ≥1 year; men: average alcohol use ≥14 standard drinks weekly for ≥1 year [29]), or (3) on the day of the study visits, tests positive on a urine drug analysis for any drug of abuse including alcohol. Additional inclusion criteria for the ACT group included: (1) meets DSM-IV [27] criteria for dependence on MA with confirmation by the MINI [28] , (2) average MA use of ≥2 days per week for ≥1 year, and (3) last use of MA was ≤2 weeks ago. Additional inclusion criteria for the REM group were all criteria for the ACT group, except last use of MA was ≥1 and ≤12 months ago, and on the day of the study visit, does not test positive on a urine drug analysis for any drugs of abuse including alcohol.
Human Subjects Ethical Approval
The protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki (6th revision, 2008) and was approved by the Institutional Review Boards at the VA Portland Health Care System and Oregon Health and Science University. Research participants gave informed consent after the procedures of the study had been explained in full.
Human Study Procedures
Participants were compensated with grocery store vouchers (USD 100) for completing the following procedures: clinical interview, urine drug analysis, hepatitis C virus and HIV antibody screening, blood sample collection, and a well-validated questionnaire to measure symptoms of anxiety, the General Anxiety Disorder-7 Scale (GAD-7) [30] . Responses to questionnaires were scored and rescored by separate study personnel, and all data were entered into a database that was double-checked by separate study personnel prior to analysis. ELISA was carried out as described in the manufacturer's protocol, with plasma samples assayed in duplicate. A standard curve was generated, and CCL3 levels were determined by fitting the standard curve to a fourth-order polynomial equation (range: 1-1,000 pg/mL).
Enzyme-Linked Immunosorbent Assay
Statistical Analysis
Data analyses and graphs were created with Prism 6.05 (GraphPad Software Inc., La Jolla, CA, USA) and IBM SPSS Statistics 22 (IBM Corporation, Armonk, NY, USA). The threshold for statistical significance was p < 0.05. Analysis of variance (ANOVA) and analysis of covariance (ANCOVA), when appropriate, were used to compare across groups and treatments. The Fisher least squares difference test was used for a priori multiple comparisons. χ 2 tests were conducted to compare proportions for dichotomous demographic and clinical variables [i.e., sex, ethnicity, tobacco use, and mental health status (GAD-7 score <10 vs. ≥10)]. Linear regression was used to compare the number of days since the last use of MA with plasma levels of CCL3. Data shown are means ± standard error of the mean unless otherwise noted.
Results
Human Sample Characteristics
Participant demographic and clinical characteristics are presented in Table 1 . There was a significant age difference [F(2, 127) = 9.40, p < 0.001] between the MA-ACT group and both the MA-REM and the CTL groups, with the MA-ACT group being older than the other groups. Differences were also observed in the stratification of men and women across groups (Pearson χ 2 = 18.57, p < 0.001) with the MA-REM group having a higher proportion of males than females relative to the ACT and CTL groups. Group differences were observed in years of education [F(2, 127) = 11.20, p < 0.001], with the MA-REM group having less education than the CTL group and the MA-ACT group. The frequency of tobacco use across groups was also different (Pearson χ 2 = 52.68, p < 0.001), with both the MA-ACT and the MA-REM groups being more likely to use tobacco than the CTL group. There was a significant main effect of group on body mass index (BMI) [F(2, 124) = 4.17, p < 0.05], with the MA-ACT group having a lower BMI than the CTL group.
Signs and Symptoms of Anxiety during Early Recovery from MA Exposure
During the EZM test, time spent in the open arms was used as an index of open space-induced anxiety-like behavior in mice. Mice exposed to MA spent significantly less time in the open arms of the apparatus relative to CTL mice (CTL 123 ± 7 s vs. MA 58 ± 16 s; p = 0.001). These data suggest that mice with a genetic propensity for increased MA consumption may also experience an increase in anxiety during abstinence from the drug (Fig. 1a) . No differences in the number of crossovers from closed to open (CTL 27 ± 3 vs. MA 19 ± 5 crossovers per session; p = 0.14) or mean velocity (CTL 3.7 ± 0.2 cm/s vs. MA 3.2 ± 0.4 cm/s; p = 0.28) were observed between CTL and MA-treated mice.
In humans, a significant main effect of group was found for anxiety [F(2, 126) = 20.38, p < 0.0001], with subjects in the MA-ACT group having higher GAD-7 scores than either the CTL or MA-REM group, and the MA-REM group having higher scores than the CTL group (Fig. 2) . Given some differences in participant demographics, ANCOVAs were carried out that adjusted for differences in age, education, BMI, sex, and/or tobacco use status. Inclusion of potential covariates did not alter the results (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000485129), with all analyses indicating that both the MA-ACT and MA-REM groups had higher GAD-7 scores than the CTL group. Using a threshold score of 10, the GAD-7 has a sensitivity of 89% and a specificity of 82% for diagnosing generalized anxiety disorder [30, 31] . When we applied this cutoff score to our human sample, there was a significant group difference for the proportion of individuals with GAD-7 scores of 10 or greater (Pearson χ 2 = 19.25, p < 0.001), and a significantly greater proportion of individuals in the MA groups met this criterion, as compared to the CTL group. Specifically, 2 of 46 participants in the CTL group had GAD-7 scores of 10 or greater, while 16 of 35 participants in the MA-ACT group fit this criterion (Pearson χ 2 = 19.68, p < 0.0001), and 12 of 49 participants in the MA-REM group had scores of 10 or higher (χ 2 = 7.66, p = 0.02). Although the percentage of adults screening positive for a potential generalized anxiety disorder decreased during remission from MA, the proportion of participants in the MA-ACT and MA-REM groups with GAD-7 scores of 10 or greater did not differ significantly.
Immune Factor Expression in Murine and Human Samples
Gene expression of cytokine and chemokine transcripts was determined in the hippocampi of a subset of MAHDR mice from this study and a cohort that had undergone identical treatment, but behavioral testing in a novel object recognition task. Results from the 2 cohorts were combined for analyses because there were no significant differences across cohorts. An unpaired t test of ccl3 expression indicated a significant reduction in expression following MA exposure (p < 0.05; Fig. 3a ). There were no significant effects of drug treatment for the expression of il4, ccl5, or tnf (online suppl. Fig. 1 ). To assess whether the effect of MA on ccl3 expression was specific to mice bred to consume high amounts of MA, we measured hippocampal ccl3 expression in MALDR mice (i.e., mice bred to consume low amounts of MA). A similar trend toward a reduction in ccl3 expression was observed in the hippocampi of MALDR mice run in parallel; however, the reduction was not statistically significant (p = 0.06; online suppl. Fig. 2) .
To determine whether a history of MA exposure has a similar effect in humans, plasma levels of CCL3 were measured in research participants. One-way ANOVA found a significant main effect of group [F(2, 94) = 3.81, p < 0.05], with the MA-ACT (p < 0.05) and MA-REM (p < 0.05) groups showing lower plasma CCL3 levels, relative to the CTL group (Fig. 3b) . To explore whether plasma CCL3 levels exhibited any sign of recovering within the MA-REM group, a linear regression was performed Adults with a history of MA abuse exhibit increased anxiety, paralleling results for an animal line with high genetic susceptibility for MA intake. Adults in the MA-ACT and MA-REM groups reported increased anxiety as determined from the GAD-7 questionnaire relative to the CTL group. The ACT group also had increased anxiety relative to the REM group. * p < 0.05, *** p < 0.001 using post hoc Sidak multiple comparisons. comparing the reported "days since last use of MA" to plasma levels of CCL3. The slope of the regression was negative in this comparison, indicting no evidence of recovery in CCL3 levels during remission from MA dependence (Fig. 4) .
Discussion
In this translational study, we used selectively bred MAHDR mice and human research participants to examine behavioral and immunological responses to MA. MAexposed animals exhibited increased anxiety-like behavior, similar to what was observed in humans both in the present study and previously [32] [33] [34] . In addition, this is the first study linking ccl3 with symptoms of anxiety. Binge-like MA-exposed MAHDR mice and humans with a history of MA abuse exhibited reductions in ccl3 expression or plasma CCL3 levels, compared to controls. A trend toward reduced ccl3 expression was also observed in MALDR mice, suggesting that differences in genetic risk for MA use may not strongly influence the MA-mediated reduction in ccl3. Nonetheless, the significant result in MAHDR mice supports their usefulness as a model for examining behavioral and neuroimmunological effects of MA that are relevant to MA use disorders.
Our study adds to a growing body of literature linking MA use and dependence with immune dysregulation and behavioral dysfunction in humans and rodents [reviewed in 35] . Studies in humans with clinical depression have observed increases in serum CCL3 levels and symptoms of depression [36, 37] , which contrasts with the current findings of reductions in hippocampal expression of ccl3 and plasma CCL3 following MA in mice and humans. Similarly, cocaine downregulates macrophage inflammatory protein-1β [also known as chemokine (C-C motif) ligand MA exposure reduces ccl3 expression in the mouse hippocampus and CCL3 concentration in human plasma. a MA exposure reduced levels of ccl3 in the hippocampus in MAHDR mice (n = 7 mice per group). Gene expression results were normalized to GAPDH values, and the data are shown as n-fold change from the MAH-DR CTL mice. * p < 0.05 using an unpaired 2-tailed t test. b Plasma levels of CCL3 were evaluated using ELISA. Adults actively dependent on MA and those in early remission had reductions in plasma levels of CCL3 relative to the CTL group. * p < 0.05 using post hoc Sidak multiple comparisons. 4, CCL4; CCL3 and CCL4 are members of the β-chemokine family] [38] . This suggests that MA and other psychostimulants may exert unique effects on immune function and neuropsychiatric dysfunction. Reduced CCL3 in the periphery may have important implications for recruitment of immune cells, especially macrophages and neutrophils, to sites of injury or infection [39, 40] . Decreased infiltration of immune cells may also contribute to slower wound healing associated with MA use [41] . Peripheral inflammation is known to play a role in mental health as we and others have described [1, 7, 42, 43] . Inflammation-induced mental dysfunction is most clearly observed in conditions such as cancer or hepatitis, where patients are treated with a pro-inflammatory mediator such as interferon-α [42, [44] [45] [46] , and, more recently, in the context of substance use disorders [1, 47, 48] . Thus, reduced CCL3 may lead to slower wound healing, thereby resulting in persistent infection and a prolonged period of inflammatory signaling, which may result in ongoing symptoms of depression, anxiety and memory impairment.
Several studies suggest CCL3 influences cognitive function and hippocampal plasticity [49] [50] [51] . In a cell culture model system, norepinephrine reduces CCL3 release induced by lipopolysaccharide via activation of β-adrenergic receptors [52] , and catecholamines, including norepinephrine, are key targets of MA effects [53] . In addition, deletion of ccl3 was associated with decreased alcohol preference and consumption in mice in a 2-bottle choice paradigm [54] ; MA consumption has not been studied in mice lacking ccl3. Astrocytes as well as neurons and microglia in seizure models produce CCL3 [55, 56] . In the current study, 2 weeks of binge-like MA exposure led to a reduction in hippocampal ccl3 expression in MAHDR mice, an effect which was paralleled in the periphery of adults actively dependent on MA and those in early remission from MA dependence. Future studies will examine whether peripheral plasma CCL3 is reduced in mice following an MA binge regimen, or whether this only occurs with prolonged MA abuse as observed in humans. Plasma levels of CCL3 had not recovered as long as 6 months after MA abuse, though a within-subject examination of CCL3 levels during recovery from MA abuse is needed. Our studies using a different animal model (low-dose MA treatment) found an increase in plasma and hippocampal CCL3 within 72 h of MA treatment and recovery of CCL3 levels after 3 weeks of abstinence [57] ; however, it would be exciting to study this in our model of binge-level voluntary MA use [11] . In previous work, 4 h after a single 2 mg/kg dose of MA, the oppositely selectively bred low MA drinking MALDR mice exhibited reduced expression of ccl3 in the nucleus accumbens, as compared to saline-treated MALDR mice [18] . In humans, we did not observe a difference in CCL3 levels between active and abstinent MA use (average duration of reported abstinence = 53.3 ± 24.4 days). Furthermore, in humans recovering from MA dependence, we observed that higher plasma levels of CCL3, CCL4 (macrophage inflammatory protein-1β), and monocyte chemoattractant protein-1 were significantly correlated with worse language fluency [57] , but group differences between MA and CTL groups were nonsignificant for CCL3. Collectively, our results suggest that CCL3 may be particularly sensitive to MA -given the variability in CCL3 concentration depending on dose, duration of exposure, and length of abstinence.
In humans, plasma levels of CCL3 are reduced in adults with hepatitis C virus compared to adults without infection [58] . Our in vivo findings are consistent with in vitro experiments, which show that expression of ccl3 is reduced in cultured dendritic cells treated with MA [59] . This is important because CCL3 competes with HIV-1 for binding to the coreceptor CCR5, and it is the binding of HIV-1 to CCR5 that facilitates infection. Therefore downregulation of ccl3 in adults with a history of MA abuse may increase the availability of CCR5, resulting in more efficient infection by HIV-1 [59] . In support of this hypothesis, HIV-1 infection is high in adults with MA use disorders [60] , and HIV-infected subjects with certain ccl3 polymorphisms exhibit larger impairments in learning and memory compared with HIV-negative subjects [61] . Overall, our findings combined with the existing literature suggest that CCL3 is an important target of MA effects and represents a key molecule that interfaces between the immune system and neuropsychiatric outcomes (e.g., anxiety, depression, cognition).
Our study was limited to identifying associations between MA dependence, behavioral impairments, and chemokine dysregulation and does not establish causality. In addition, this study was not designed to examine the association between MA dependence and HIV-1, as HIV infection was an exclusion criterion. Our study is strengthened by the use of strict inclusion and exclusion criteria which resulted in a well-matched study cohort. We also present parallel observations in human and animal studies that reinforce the association between MA use and behavioral and immune impairments. Some have hypothesized that chemokines such as CCL3 are a major communication system in the brain [62] . Dysregulation of CCL3 by MA may be an important regulator of behavioral and immunological deficits induced by MA and may increase rates of HIV infection in adults using MA.
